Introduction
cial chromosomes ( YACs) containing genomic overlaps (~500 000-1 000 000 bp) [2] . The second method In the last 10 years, DNA exponential amplification was applied in the USA by Eric Lander's team at the by polymerase chain reaction (PCR), a major technolo-Whitehead Institute. It consisted of arranging short gical breakthrough, as well as major programmes on DNA sequences, amplifiable by PCR [sequence-tagged the human genome and the development of statistical sites (STSs)] in relation to one another, using YACs analysis methods have given genetics a boost unprecedand other fragments cloned in other vectors or in ented since the discovery of the Mendelian laws. This radiation hybrid cells containing human chromosome technological leap forward has permitted the identifragments [3] . The chart, not yet at the ultimate fication of a number of genes responsible for monogdefinition expected in the programme, is to be transenic diseases by positional cloning, and gives hope for missible by computer networks, the only datum the identification of the genes responsible for such required being the nucleotide sequence of PCR primers complex diseases as cardiovascular diseases, diabetes for STS amplification. mellitus, asthma, familial glomerulopathies or even These two genome maps, genetic and physical, conchronic inflammatory or autoimmune diseases.
stitute an essential tool for gene identification and PCR was at the forefront of a number of technololocation. The charts recently have been merged, and gical innovations which now constitute the basic tools Eric Lander's team positioned the Genethon polyof modern molecular genetics. Genetics requires very morphic genetic markers on the genome physical chart. informative genetic markers, i.e. for which subjects are Mutation detection using simple and sensitive heterozygous, because of the large number of different methods quickly indicates the presence of mutations alleles in the general population. Microsatellite-type on the gene under study. Automated DNA sequencing DNA sequences, composed of tandem repeats in varipermits extensive sequencing of whole chromosomal able numbers according to individuals, of basic patregions. Genotyping has also been automated, using terns with two or three nucleotide repeats are the nearrobots and automatic sequencers specially adapted for perfect tool because they are found roughly every that application. Automation may lead to characteriz-50 kb in the genome, distributed among all chromoing genetic markers on the entire genome (genome somes. Jean Weissenbach's working group in the scan) in a large number of subjects, as a necessary step 'Genethon' programme, identified >5000 of these towards managing multifactor diseases. markers on the human genome and positioned them Statistical analysis methods have also progressed in relation to one another and to other already mapped dramatically because of the interest paid by mathematgenes, using the human polymorphism study centre icians, geneticians and statisticians [4, 5] . The developfamilies (CEPH ) used by all genetics researchers ment of computer programs for linkage analysis, usable worldwide [1] . For the purpose of that genetic mapping on microcomputers, has permitted their widespread of the genome, genes are located according to the circulation in genetics study groups. The mapping of number of recombinations occurring between them in genetic loci modulating quantitative trait loci (QTL) the course of meioses, that number reflecting the in tomatoes has opened the way towards the applicagenetic distance expressed as Morgans. These markers tion of such analyses in more complex organisms such have been widely used for mapping the genes responsas mammals [6 ] . This type of approach was used for ible for genetic diseases, as described below.
hypertension genes in rats, as will be described further. In parallel to that genetic map, a physical chart of Beside these genetic linkage methods, which are powerthe genome was also drawn in two ways. The first, ful but suited mainly for monogenic diseases, like the performed in France by the CEPH under Daniel lod-score parametric method, other, non-parametric techniques have been developed, better suited for complex diseases whose mode of transmission is not Correspondence and offprint requests to: Florent Soubrier, INSERM Mendelian and where several loci are involved, together
The remainder of this review focuses on the input Nonetheless, the regions involved in these genetic linkages remain to be delimited accurately. Possible of these techniques in three main aspects of hypertension: hereditary hypertension models in rats, monog-regions are large in size, 10×106 bp, within which no responsible genes or mutations have so far been identi-enic forms of human hypertension, and essential hypertension in man.
fied. The exact location of the gene requires tools that have been applied extensively to the human genome but which are only beginning to be applied to the rat
Hereditary hypertension models in rats
genome. Also, the best way to reduce the size of the genomic region incriminated is to perform congenic lineages where the region of interest is transposed to The various models of hereditary hypertension in rats each have their own particular characteristics, resulting another strain. This transposition makes it possible to define the smallest interval where the gene can be from the genetic background of each strain and the gene versions that were artificially selected in those located, but it requires a succession of rat generations, hence the delay in obtaining results. lineages. Indeed these hypertension models were developed by selecting the most hypertensive animals Another original method to identify genes responsible for hereditary hypertension in rats was used by of a non-inbred rat population, i.e. by concentrating the alleles from several loci associated with increased Iwai and Inagami. It consisted of investigating genes whose expression was different in the SHR rat strain blood pressure in these animals. Those most studied are SHR and SHR/stroke-prone (SP) strains, salt-from that in the WKY rat strain [14] . The only gene isolated by this molecular method was the Sa gene. Its sensitive Dahl rats and Lyon hypertensive rats, all in the form of inbred lineages and homozygous for all function is not known, but a genetic marker on that gene co-segregates with hypertension in almost all loci. It is worth noting that these are complex models because it was established that several loci were strains of hypertensive rats, which makes it the most universal yet the most mysterious marker of hereditary involved in these hypertension models. The number of loci can indeed be computed by cross-breeding with hypertension in rats! This genetic linkage with the Sa gene locus in no way implies that the Sa gene itself is another inbred but normotensive strain.
Such complex and artificial models must therefore involved. It will also be found further because of its co-localization with the b-and c-subunits of the epithe-be distinguished from the simpler animal models linked to a single spontaneous mutation occurring in a farm. lial sodium channel responsible for Liddle's syndrome.
When the genes responsible for murine hypertensive It is worth remembering that it was the study of this type of mutation in ob, tubby and db mice which led models have been identified, their possible role in human hypertension will remain to be investigated. to the identification of very important genes for body weight homeostasis, including in man (the leptin gene Initial results are not very promising. and its receptor and the tubby gene) [7-9].
It was John Rapp's team who carried out seminal
The monogenic forms of human hypertension works by revealing the co-segregation of a marker located on the renin gene with elevated blood pressure in a cross-breed of salt-resistant and salt-sensitive rats These are rare forms and produce characteristic clinical, biological and genetic patterns. They share early [10]. Indeed, the renin gene was a candidate in that model. Several series of studies conducted after that and often severe hypertension. They are transmitted in a Mendelian manner and are particularly accessible to result suggested that renin itself is not implicated, but that it might be a gene localized in proximity to it. genetic analysis, thanks in particular to the abovedescribed tools. The following describes three recently A further step was taken when two teams working on a cross-breed of SHR/SP and WKY rats simultan-elucidated pathologies: glucocorticoid-remediable aldosteronism (GRA), Liddle's syndrome and appar-eously described a locus on rat chromosome 10, which was partially responsible for hypertension in that model ently excessive mineralocorticoids.
The decisive step towards elucidation of their mech- [11, 12] . The method used by both teams was quite different from that of Rapp because it consisted of anisms was achieved by molecular cloning of candidate genes for these pathologies. These clonings used the testing markers localized in many regions of the genome. It was the first time genetic markers were most sophisticated techniques of expression cloning.
GRA is characterized by a hypermineralocorticoidism used according to their localization on the genome to map genes responsible for hypertension in animals. syndrome with often mild hypokalaemia, hypertension and variations in plasma aldosterone. Abnormal corti-The angiotensin-converting enzyme ( ECA) gene, localized in the specified region of chromosome 10, was sol metabolites are also associated (18-oxo-and 18-hydroxycortisol ). Disease is transmitted in a domin-initially considered as a possible gene, but recent studies on that subject would seem to indicate that the ant mode because of the molecular mechanism of the disease. This mechanism consists of unequal cross-over ECA gene is not implicated and that two very close loci may exist in that region of chromosome 10 [13].
during meiosis resulting from illegitimate recombination between two very sequence-homologous genes This strategy has since been widely used, and a number of loci for hypertension have been identified which are physically very close on the genome, the 11b-hydroxylase and the aldosterone synthase genes. in various cross-breeds of hypertensive rats.
It was Lifton's team who developed the genetic markers enzyme leads to excessive mineralocorticoid activity, explaining antialdosterone sensitivity, and to increased on that gene, revealed the co-segregation of the disease and markers and evidenced the presence of an extra transcriptional effects on the target genes. Elucidation of the AEM syndrome was only possible after the chimeric gene resulting from unequal cross-over [15] . This extra gene is capable of synthesizing aldosterone difficult cloning of that gene by expression cDNA cloning in eukaryotic cells [22] . Knowing the gene structure via its coding region (very accurately, depending on the cross-over site) but it is regulated as a cortisol-permitted exploration of the coding sequence in several subjects with the syndrome and the identification of synthesizing gene, i.e. by adrenocorticophic hormone (ACTH ). Transmission dominance is explained by the mutations [23] .
The issues raised by these monogenic forms of fact that a single copy of the gene is sufficient to induce hypertension.
hypertension are many. What is the proportion of hypertensive patients where these genes could be The biological pattern of Liddle's syndrome associates the signs of excessive mineralocorticoids, reduced implicated, either because diagnosis was not evoked or because mutations with a lesser effect on the phenotype urinary aldosterone, and particular sensitivity to amiloride, whereas aldosterone antagonists are ineffective. did not make it possible to evoke diagnosis? To answer that first question, the sequence of these genes will Rossier's team in Lausanne were able to clone the three subunits of the amiloride-sensitive epithelial have to be screened systematically in a large population of hypertensive patients by molecular biology methods. sodium channel, first in rats then in man after long and outstanding experimental work [16 ] . Based on Could frequent polymorphisms of these genes be responsible for predisposition to essential hypertension that study and in cooperation with Rossier's team, Lifton et al. developed very informative markers on through minor changes in their regulation? Only epidemiological genetic methods will permit this question the genes of these three subunits and tested their co-segregation with the disease in the family used by to be answered. Liddle to describe the syndrome [17] . A very significant genetic linkage was obtained with the locus of the b-
Essential hypertension
subunit. The mutation then remained to be identified, and this was achieved by showing that the presence of a premature stop codon on the coding sequence ampu-Contrary to the forms of hypertension described above, essential hypertension is not transmitted in a tated the subunit of its most carboxy-terminal intracellular part. Mutations in the same region of the Mendelian manner but as a complex disease where genetic predisposition factors, environmental factors b-subunit gene were found in other Liddle cases, together with mutations localized in the same region and their interactions are intricate. The occurrence of the disease in a sibling of a hypertensive subject is not but in the gene of the channel c-subunit [18] . Functional in vitro studies have shown that deletion of linked to the segregation of a single gene but depends on a number of genetic factors. This increased risk in the carboxy-terminal region of the b-subunit, or the mutation of a proline-rich short region present in that siblings has been quantified with regard to the risk ratio, i.e. the ratio between the risk of an individual region, induces an increase in the number of molecules on the apical wall of the tubular cell, responsible for developing the disease when their sibling is hypertensive, over that risk in the general population. In insulin-increasing sodium reabsorption [19] . A single replication of that mutated gene was sufficient to induce dependent diabetes mellitus, the ratio is 15, whereas for hypertension it is thought to be around 2. This excessive reabsorption, which explained the dominant autosomal transmission of Liddle's syndrome. It has imperfectly reflects the importance of genetic determination of the disease which conditions the possibility been demonstrated very recently that type I pseudohypoaldosteronism, a recessive transmission disease and of identifying the genes responsible for the disease and the number of loci involved. Liddle's syndrome mirror affection, was due to mutations localized in other regions of the genes of the a-Beside this relatively weak genetic determination, genetic studies of hypertension are made difficult by and b-subunits of the epithelial sodium channel [20] .
The apparent excess of mineralocorticoids (AEM ) the probable heterogeneity of the disease. The first gene with which positive results were also induces early and variably severe hypertension, with signs of AEM when plasma aldosterone is very low. obtained was the angiotensinogen gene (AGT ).
Various types of genetic markers have been developed That hypertension is aggravated by ACTH administration and is sensitive to antialdosterone administration. from that gene to conduct two main types of epidemiological genetic studies adapted to complex diseases: Contrary to other syndromes, its transmission is autosomal recessive. The candidate gene of that disease familial and case-control studies. Using a microsatellite marker localized on the gene, an affected sib-pair is the 11b-hydroxysteroid dehydrogenase (11HSD2) gene expressed in particular in kidneys and placenta. study was conducted in a large collection of hypertensive families, which revealed an excess of allele concord-The enzyme metabolizes cortisol in those tissues where the mineralocorticoid receptor is expressed, preventing ance in hypertensive siblings in relation to the concordance expected, suggesting genetic linkage with cortisol from binding to that receptor for which cortisol affinity is the same as that of aldosterone itself [21] . The the angiotensinogen locus [24] .
Bi-allelic markers were used in a study that compared absence of receptor protection by the action of that
The genes of hypertension 37 severe hypertensive patients with controls. There also Conclusions and prospects a significant difference in allelic frequencies was found between the two groups. Lastly, elevated AGT was Technological advances have contributed mainly to associated with the allele of the marker most frequently elucidating the monogenetic forms of hypertension, found in hypertensive patients. These three types of which involve only a few families. Technological proresults suggested that the AGT gene could be implicgress also facilitates the detection of mutations on ated in essential hypertension. Other studies conducted candidate genes in hypertensive cases who may evoke, later confirmed these results, even if some of those by their clinical, familial and biological patterns, a studies may be questionable [25, 26 ] . monogenic form of hypertension.
In contrast, no gene has been identified as being Many further studies are necessary before the role responsible for murine hypertension, though many loci of the AGT gene can be confirmed and assessed, are being suggested. In human essential hypertension, because none of the studies completed provides an results are as yet uncertain, underlining the fact that assessment of the relative risk of hypertension in complex disease studies are always a challenge. There relation to the AGT gene, or determines with any is no doubt that recent advances in robotization and certainty which polymorphism is responsible for the in the knowledge of the human genome will permit elevated plasma AGT concentration. Artificial tandem large-scale genetic studies to investigate essential hyperduplication of the AGT gene in mice by homologous tension genes. The last steps of gene identification are recombination produced mice with four, three, two particularly demanding, both in costs and in man-(the norm) or a single AGT gene. The increased power, and are uncertain. The question is whether number of gene replications is associated with high academic research will ever obtain the means to exploit plasma levels and increased blood pressure [27] . This to the full the advantage of having access to families, type of result supports the hypothesis that a polyor if that research will have to be funded by the private morphism of the AGT gene would increase its plasma sector in order to be successful. level, close to the renin K m for the substrate, and so would increase angiotensin I production kinetics.
Other candidate genes were analysed using identical References methods, such as the genes of renin, nitric oxide endothelial synthase and angiotensin II type I receptor [17, 30] . This proximity of the two genes indicates that 
